Cohesive ends of 16-3, a temperate phage of Rhizobium meliloti 41, have been identified as 10-base-long, 3-protruding complementary G/C-rich sequences. terS and terL encode the two subunits of 16-3 terminase. Significant homologies were detected among the terminase subunits of phage 16-3 and other phages from various ecosystems.
The terminase enzyme is part of a large nucleoprotein complex that packages viral DNA into the capsid (4, 16) . It has been well studied in the case of phage , but quite a few other members have been identified in different phages and studied in detail (6) . Studying the packaging reaction of new phages provides the opportunity to identify alternative mechanisms and can extend our understanding of the packaging process and the formation and functioning of nucleoprotein complexes in general. Studies of similar functions in diverse systems are also required to understand the evolution of complex biological machines.
Phage 16-3 is a temperate phage of Rhizobium meliloti 41. The genetic and physical maps of the phage have been established previously (9, 11, 13, 22) and summarized in reference 7. Genes, proteins, and chromosomal sites for several functions of the phage have been studied in more detail. These include (i) the main repressor protein, C, required for establishing and maintaining lysogeny, and the operator regions where the C protein binds (8, 10, 25) ; (ii) the components of the sitespecific recombination system (5, 12, 23, 29, 30) ; (iii) the immX regulatory region conferring immunity against homoimmune phages (7) ; and (iv) the recently identified h gene encoding the tail fiber protein (26) .
Identification of the cohesive ends of phage 16-3. The plasmids used during the course of the study are listed in Table 1 . The 96BglII-14EcoRI fragment ( Fig. 1) (numbering was based on the map of restriction sites in reference 13) of phage 16-3 was subcloned from cosmid pDH31 (11) , which contains the region where the covalently ligated ends of the phage chromosome are located. The resulting plasmid, pPAG165, was used to determine the nucleotide sequence of the entire fragment. Nucleotide sequence determination was performed by the dideoxy chain termination method (28) with the fmol DNA cycle sequencing system (Promega). Primer 1, 5Ј-CACGGCTTCGGCGGCGC TGTC-3Ј, and primer 2, 5Ј-GGCAAGAAGGTCGTGACCTA TG-3Ј, were designed close to the expected ends, and the isolated 92EcoRI-cos right and cos left -14EcoRI fragments from phage DNA were used as templates for a pair of sequencing reactions to distinguish between 5Ј and 3Ј overhangs (Fig. 2) . A 10-bp sequence region existing in pPAG165 was absent from the sequences of both end-fragments, hence we concluded that the chromosome of phage 16-3 ended in 10-base-long, 3Ј-protruding, single-stranded, complementary sequences (5Ј-. . .CCG-GCGTCGG-3Ј and 3Ј-GGCCGCAGCC. . .-5Ј). The cos sequence has high G/C content and shows dyad symmetry. The symmetry can be recognized in patches within the duplex DNA flanking the single-stranded ends (Fig. 1) .
Identification of genes around the cos region essential for phage production. Since the coding sequence of a DNA binding protein and its target site are often found in close proximity in prokaryotic systems, we expected the terminase genes to be located in the vicinity of cos. ORF171 and ORF249 on the right end and ORF154 and ORF525 on the left end of the phage genome were identified as candidate genes and tested for terminase function.
To investigate the roles of the different open reading frames (ORFs), kanamycin (Km) cassette insertional mutagenesis was applied. We used a modified version of our previously developed procedure (7) which utilized homologous recombination for inserting a Km cassette, derived from pCU999 (24) , into the genome of R. meliloti lysogenic for 16-3cti3 prophage. The 1.2-kb Km cassette was usually inserted at desired locations, but in some cases, due to difficulties in cloning or maintenance of the clone, small deletions were generated in the target sequence simultaneously with the insertion of the cassette. The deletion end points for the relevant plasmids are recorded in Table 1 . Proper insertion of the Km cassette was detected in each case by PCRs.
Plasmids pPAG201, pPAG185, pPAG169, and pPAG168 were constructed and contained the kanamycin cassette in ORF249, ORF171, ORF154, and ORF525, respectively. The plasmids were introduced into the lysogenic strain R. meliloti 41(16-3cti3) by triparental mating. Growth conditions, media, and conditions for triparental mating have been described pre-viously (29) . Since these plasmids were not able to replicate in R. meliloti, Km-resistant colonies indicated homologous recombination between the plasmid and the prophage either with one crossover (resulted in the integration of the entire plasmid into the prophage) or with two crossovers (resulting in the insertion of the Km cassette into the targeted ORF of the prophage). Selection for Km-resistant but streptomycin-sensitive (antibiotic resistance of the vector part of the plasmids) colonies resulted in lysogenic R. meliloti strains with prophages 16-3cti3Km-249, . That is, the prophages contained the Km gene in ORF249, ORF171, ORF154, and ORF525, respectively. Primers complementary to the Km gene and to the different ORFs were used in PCR tests to confirm the structures of the insertion alleles (data not shown).
Due to the thermoinducible mutation (ti3) in the c gene (required to maintain the lysogenic state) of the prophages, shifting the temperature from 28 to 37°C resulted in prophage excision. Overnight cultures of lysogenic R. meliloti strains were diluted 40-fold in fresh yeast-tryptone broth (YTB) medium and shaken at 28°C until the optical density at 600 nm reached 0.3 to 0.4. The cells were then resuspended in fresh YTB medium to an optical density of 600 nm of 0. Only the phage content of the cosmid clone pDH31 and plasmid pPAG165 are shown. Numbered restriction sites were published previously (11) . *, indicates that the BglII site was lost in pPAG165 because of cloning; **, indicates that the KpnI site, previously placed for the left end-fragment, was found on the right end-fragment. The sequence of the cos site (nt 1597 to 1606) and its flanking regions are shown on the bottom, letters in italics indicate positions with a mismatch within the palindrome, the dotted line indicates the axis of dyad symmetry. Location of primers (pr1 and pr2) used for sequence determination of the ends of the phage are also shown. Phage productions were fully regained at the wild-type level when pCS475, pCS473, and pCS474 were introduced into lysogenic strains R. meliloti 41(16-3cti3Km-249), R. meliloti 41 (16-3cti3Km-154), and R. meliloti 41(16-3cti3Km-525), respectively. Phage titers were determined on both R. meliloti 41 containing the appropriate plasmid (pCS475, pCS473, or pCS474) and R. meliloti 41 without a plasmid. Complementation was indicated by high titers that varied between 0.2 ϫ 10 10 to 2.9 ϫ 10 10 PFU/ml in the lawn of bacteria with plasmids, while recombination (i.e., the wild-type region from the plasmid replaced the Km cassette in the phage genome) was indicated by low titers between 7.5 ϫ 10 4 to 1.0 ϫ 10 6 PFU/ml in the lawn of R. meliloti without plasmids.
Since the function of all three cistrons could be reestablished by complementation, we conclude that the insertion of the Km resistance gene did not disrupt any cis-acting control element of the cognate genes, and that in each case, the loss of function was due to the inactivation of the gene product itself.
Functional tests for identification of the terminase genes of phage 16-3. If ORF249, ORF154, and ORF525 encoded the subunits of a terminase enzyme, their inactivation would result in uncut cos sites and failure in packaging of the phage DNA. Southern hybridization (27, 32) was performed to test the hypothesis. Samples were collected at various times following heat induction of the prophages. Total bacterial DNA was prepared by a method described previously (3). DNA (300 ng) from each sample, digested overnight with EcoRI, was separated on a 0.8% agarose gel. Before loading, samples were kept at 80°C for 15 min to separate unligated cohesive ends. Filters, obtained after capillary transfer of DNA from the gels, were probed by the 1,600-bp-long 98BamHI-6BamHI fragment (nucleotides [nt] 1138 to 2766) overlapping the cos site (440-bp and 1,160-bp overlaps at the right and left ends, respectively) (Fig. 3A) . DNA was labeled by using a DIG-Chem-Link labeling and detection set (Roche). Hybridizations and detections were carried out by using a DIG nucleic acid detection kit (Roche). In these conditions, three bands could be detected in samples derived from the control R. meliloti 41(16-3cti3). The top band was the 92EcoRI-14EcoRI fragment which represented the covalently closed cos sites derived from the 16-3 concatemer DNAs, while the other two bands (92EcoRI-cos right and cos left -14EcoRI) derived from cutting of the cos site by active terminase (Fig. 3B) . Southern hybridization of samples obtained from prophage induction in R. meliloti 41(16-3cti3Km-249), R. meliloti 41(16-3cti3Km-154), and R. meliloti 41(16-3cti3Km-525) showed only covalently closed cos sites, indicative of the malfunction of terminase activity. Southern analyses of samples derived from induction of prophages, containing the kanamycin cassette inserted into ORF171 [i.e., R. meliloti 41(16-3cti3Km-171)] indicated wild-type terminase activity since fragments of 92EcoRI-cos right and cos left14EcoRI appeared (Fig. 3C) . Bioinformatic analyses of the ORFs. Putative ORFs were searched against the available databases (nonredundant protein database) by using BLAST (Basic Local Alignment Search Tool) available at GenomeNet (Bioinformatics Center, Kyoto University) (1) in order to establish amino acid sequence homologies. Multiple alignment of sequences were produced with the ClustalW program with the following parameters: gap open penalty ϭ 10, gap extension penalty ϭ 0.05, BLOSUM weight matrix (17, 34) .
ORF249 indicates the longest open reading frame, although the use of alternative start codons (to ATG) would result in shorter products (ORF215 and ORF197) in the same frame. Insertion of the Km cassette at codon position 60 (counting according to ORF249) disrupts even the shortest possible ORF. To mark the gene we prefer to use ORF249, since homology with homing endonuclease sequences starts with its first codon (data not shown). The N-terminal 72 residues of ORF249 showed significant homology to homing endonucleases (32 out of 72 residues [44%] were identical with both MobE homing endonuclease of bacteriophage Aeh1 and a probable mobile endonuclease E of phage T4), while the rest of the proteins did not show any relationship (data not shown). Determination of the role of the protein encoded by ORF249 requires further studies. If the protein acts as an endonuclease, it could have a direct role in DNA cleavage at the cos site, alone or complexed with other terminase subunits as a part of the packaging machinery. It has been shown that lambda phages with an amber mutation in any head gene or in FI, the gene encoding the accessory packaging protein gpFI, results in the loss of cos cutting and phage production (21, 31) . The product of ORF249 could therefore be an accessory packaging protein.
Homology of ORF171 to other proteins was based on its 62 C-terminal residues. The closest relatives were holin proteins of different phages (identity, 32 out of 62 residues [51%]; similarity, 62%) (data not shown). Although ORF171 did not seem to be essential for cos cleavage and phage production, there are also alternative translational start sites resulting in ORF165 or ORF76. Insertion of a Km cassette at codon position 56 (counting according to ORF171) ruled out the role of ORF171 and ORF165 but not ORF76. Homologies found with other known sequences (holin proteins of different phages) fall into the region of ORF76. We have tested a mutant prophage in which the Km cassette replaced almost the entire ORF76 (1 to 63 codons deleted). The mutation resulted in no cos cutting and no phage production (data not shown). Since phage production could not be complemented by ORF76 supplemented in trans, it is likely that the changes disrupted a cis element involved in cos cutting and/or in phage production.
ORF154 showed high homology only to the small terminase subunit of phage HK022 and HK97 (Fig. 4A) (identity, 52 out of 154 residues [34%]; similarity, 53%) and no reasonable homology was found to other proteins in the database. Alignments of ORF525 with its closest relatives are shown on Fig.  4B . The highest homology was found to the terminase large subunit of phages HK97 and HK022 (identity, 275 out of 525 residues [52%]; similarity, 66%). Residues of the putative functional motifs (adenine binding, Walker A and B, and motif III) of the ATPase domains (20) of the HK97 and 16-3 large terminase subunits are completely identical. Significant homology was also found to putative terminase proteins encoded by regions of phage origin in Bacillus cereus and Streptococcus pyogenes genomes. Homology found with large subunits of other terminases, identified in different phages and bacterial genomes, remained below 20% identity and 30% similarity.
In databanks we have found genes and proteins of various phages which showed extensive homologies with ORF154 and ORF525, and from the alignment we concluded that these ORFs encode the subunits of the terminase enzyme of phage 16-3. The highest homologies were found with the terminase of phage HK97 and HK022. Indeed these phages also have 10-bp-long, 3Ј-protruding cohesive ends (18) . However, the sequence of the cohesive ends of phage 16-3 and HK phages are not similar. We renamed ORF154 and ORF525 as genes terS and terL, respectively.
Nucleotide sequence accession number. The sequence of the 5,006-bp-long region was deposited in GenBank (accession no. AJ557020).
